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Herwig 7 is a general-purpose Monte Carlo generator of particle collisions comprising both hard
perturbative as well as soft phenomenological physics. Herwig is therefore capable to describe
the entire final state of hadronized particles in a collision event. A spacetime topology of a parton
system entering hadronization is fully described and tested for the first time. A combination
of information from particles momenta and spacetime positions is utilized to minimize a boost-
invariant distance measure of the parton system. We present a reasonable agreement of the
model with a selection of experimental data and conclude that spacetime event topology can be
meaningfully used in the further development.
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1. Introduction
The entire hadron event simulation in Herwig 7 [1–3] is a highly complex task. Here we
focus only on the most relevant parts, which are unavoidably connected to the color reconnection
procedure. It browses parton final state inside a particle collision event and searches for a place
of further improvement of a color flow description. It can be done via pseudo-addition of an extra
gluons interconnecting quarks entering hadronization and thus change their color charge. Such
a mechanism is motivated by a need of corrections for errors in the leading-color approximation
of the parton shower and for uncertainties in the correlations among multiple parton interactions
(MPI) within one hadron collision.
Herwig 7 first focused on reconnecting excited qq̄ pairs called clusters (mesonic clusters
now) by minimizing the sum of the invariant masses [4]. It was followed by [5], where the
possibility of creation of larger qqq and q̄q̄q̄ clusters (baryonic clusters) was introduced. A list of
different approaches involves color reconnection at the perturbative stages of event simulation or
reconnection inspired by perturbative techniques [6–8]. A deeper introduction of the topic goes
beyond this proceedings and we refer reader to e.q. [9].
In the following lines we offer a short summary of the spacetime color reconnection model
[10], which is based on baryonic reconnection but utilizes also a newly available information about
positions of all final state partons in the spacetime.
2. Event generation and spacetime positions
TheMPImodel distinguishes hard and soft interactionswith a tunable value of the cut pmin⊥ . The
hard interactions are calculated perturbatively and initial-and final-state partons undergo showering.
Their color topology is motivated by the leading-color approximation used in the shower. The soft
scatterings are modeled phenomenologicaly according to multiperipheral model [11, 12]. Both
types of interactions are bound together through the optical theorem [13], which leads to the
calculation of the total cross section, σtot(s), of the given collision at a c.m.s energy squared (s),
which is here taken also as a tunable parameter. We shortly note, that a new parameter RDiff was
used to describe the amplitude of the non-diffractive cross section, but which is not a regular part of
Herwig 7. It turns out that the average number of MPI, 〈n(b, s)〉, at a given impact parameter of a
collision, b, can be described using an hadron-hadron overlap function A(b; µ) and inclusive cross
section σinc(s; pmin⊥ )
A(b; µ)σinc(s; pmin⊥ ) = 〈n(b, s)〉. (1)
The prescription works for both hard and soft MPI, only with a different value of a parameter µ,
which has a meaning of inverse proton radius squared. The hard one, µhard, is a tunable parameter,
while the soft one, µsoft, can be determined with respect to other parameters. In this work, overlap





Given the mean number of MPI, we can now randomly sample the actual number of hard and
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parameter b for each event and, thus, we can assign the position of proton centers in the transverse
space. The overlap function then governs the density ofMPI scattering centers and we can randomly
sample the position of each of them in the transverse plane.
As alreadymentioned, partons associated with the hard interactions are showered, meaning that
they can undergo splitting and further propagation in spacetime according to their actual virtuality.
We have found that the distance traveled by a parton from his scattering center in the transverse
plane is negligible except the final propagation at minimal virtuality. Therefore we have decided
to further consider only this last propagation in the shower plus we assign the same value of the
minimal virtuality ν2 to all partons. The distance traveled by a parton results from a Lorentz
transformation, where the parton’s proper lifetime, t∗, is sampled from the exponential decay law












depends directly on parton’s mass m and our new tunable parameter ν2. The last propagation
through shower algorithm provides a spacetime position to all partons entering hadronization with
respect to their scattering center. The final position is therefore a result of a combination of both
sources of displacement: MPI position and shower propagation.
3. Spacetime color reconnection
Herwig 7 uses the cluster hadronization model [14], based on the pre-confinement property
of angular-ordered showers [15]. The algorithm deals only with quarks (q) and antiquarks (q̄) and
combines them into a color-less qq̄ pairs called mesonic clusters. All hadronizing gluons have to
be first non-perturbatively split to quarks. Because of the chosen leading-color topology for the
additional scatters, MPI are color-connected to the beam remnant and other subprocesses. It is
shown in [4] that this approximation performs significantly worse for the soft MPI and thus an extra
treatment is required. The clusters undergo the color reconnection. It aims to minimize a chosen
measure, typically momentum-based, of the given set of clusters. Herwig 7 has currently three
available models [4, 16]: Plain, Statistical/Metropolis, and Baryonic.
Here, we briefly describe the main principle of the new baryonic spacetime model of color
reconnection. The original model [16] was modified to incorporate spacetime separation among
partons. It starts with the preselection of mesonic clusters, which are found to be suitable for the
reconnection. It is done by a loop of checks, where a relative rapidity is calculated for quarks and
for antiquarks in the frame of the first cluster’s quark axis. At the end of a sub-loop for one cluster,
three possible recommendations can come forth: do nothing, do mesonic reconnection, do baryonic
reconnection.
The second case, i.e. swapping antiquarks within two mesonic cluster system, happens with a
flat probability if this criterion is satisfied:
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+ ∆y2i j, (6)
which can be calculated generally for any partons i, j. This measure contains a combination of
spacetime transverse distance between the constituents ∆r2i j = (®x⊥,i − ®x⊥, j)
2 and rapidity difference
∆yi j . d0 is the characteristic length scale for color reconnection in our spacetime model, which
is a tunable parameter. This parameter describes the strength of the transverse component of the
spacetime measure relative to the rapidity component.
The third case, i.e. creating two baryonic clusters out of three mesonic clusters, is done with a
tunable probability wb if
Rq,qq + Rq̄,q̄q̄ < Rq,q̄ + Rqq,q̄q̄, (7)
where we first find a pair of quarks (and antiquarks) with the lowest possible measure (6).
In summary, the new model still relies on the preselection of clusters based on relative ra-
pidity, however the transverse separation between constituents in measure (6) provides additional
information and thus improves the original baryonic color reconnection model, especially in larger
systems like heavy-ion collisions, as we foresee. We would like to note that the building of baryonic
spacetime color reconnection model in Herwig 7 required additional changes to the original code
and we refer reader to a separate publication [17].
4. Results
At the end, we put the modified version of Herwig 7 to the test and tune its most relevant
parameters to best describe the experimental data for proton-proton collisions at 7 TeV [18–22].
σtot [mb] RDiff pmin⊥ [GeV] µ2hard [GeV
2] ν2 [GeV2] d0 [fm] wb
96.0 0.2 3.0 1.5 4.5 0.15 0.98
Table 1: The best-fit values for the Minimum Bias model parameters including the new spacetime color
reconnection.
The final results are summarized in Table 1 and correspond to the red line in Figure 1 labeled as
Herwig 7 + STCR. The list of parameters of interest include the three parameters of our spacetime
baryonic color reconnection (ν2, d0,wb) and four parameters necessary towell describeMPI (σtot(s),
RDiff , µ2, pmin⊥ ), which were described above. The tuning was performed using the Autotunes [23],
which is build on the Rivet [24] and Professor [25] frameworks. On top of the best fit, we also
show two variations for different values of ν2 and d0 parameters to demonstrate the variability of the
color reconnection model, see Figure 1. For the parameter wb, we would like to emphasize that the
tuned value of 0.98 might seem too close to unity. It is given by the fact that the color reconnection
algorithm first pre-selects clusters (using the relative rapidity span) for spacetime measure check.
Figure 1 shows the rapidity and transverse momentum distributions as measured in [20], where
we can observe very good agreement between model and data. We can clearly declare that the
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track p⊥ > 500 MeV, for Nch ≥ 1
track p⊥ > 100 MeV, for Nch ≥ 2
track p⊥ > 500 MeV, for Nch ≥ 6
track p⊥ > 100 MeV, for Nch ≥ 20
track p⊥ > 2500 MeV, for Nch ≥ 1
Charged particle η at 7 TeV
























ptrack⊥ > 500 MeV, Nch ≥ 1 (x 10−2)
ptrack⊥ > 100 MeV, Nch ≥ 2 (x 102)
ptrack⊥ > 500 MeV, Nch ≥ 6 (x 100)
ptrack⊥ > 100 MeV, Nch ≥ 20 (x 104)
ptrack⊥ > 2500 MeV, Nch ≥ 1 (x 10−4)
Charged particle p⊥ at 7 TeV




Figure 1: Normalized distributions for charged particls against rapidity (left) and transverse momentum
(right) for various leading track p⊥ and number of charged particles Nch. The displayed variations are purely
in the spacetime length and minimum virtuality parameters of our model.
describe Minimum Bias event measurements. Not every possible observable is of course described
that well as shown here, but it is a general feature of Herwig 7 and not of the presented model.
More results and discussion can be found in [10].
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